We present a compact design for a velocity-map imaging spectrometer for energetic electrons and ions. The standard geometry by Eppink and Parker [A. T. J. B. Eppink and D. H. Parker, Rev. Sci. Instrum. 68, 3477 (1997)] is augmented by just two extended electrodes so as to realize an additional einzel lens. In this way, for a maximum electrode voltage of 7 kV we experimentally demonstrate imaging of electrons with energies up to 65 eV. Simulations show that energy acceptances of 270 and 1, 200 eV with an energy resolution of ∆E/E 5 % are achievable for electrode voltages of ≤ 20 kV when using diameters of the position-sensitive detector of 42 and 78 mm, respectively.
I. INTRODUCTION
Velocity-map imaging (VMI) of electrons and ions is an established technique in the fields of atomic, molecular and chemical physics [1] . The advantages of electron and/or ion VMI compared to other detection techniques are the high collection efficiency and the high level of detail at which information can be obtained about the dynamics of the photoionization process, including ion fragment masses and velocities, photoelectron energies, as well as ion and electron angular distributions. While still mostly used in laser-based experiments, the VMI technique is becoming increasingly popular for use with synchrotron radiation [2, 3] , free-electron lasers [4] [5] [6] , and laser-based sources of extreme ultraviolet (XUV) radiation [7] [8] [9] . Besides, the interaction of intense laser pulses with atoms, molecules and clusters leading to strong-field ionization and the ignition of a nanoplasma in nanoclusters is being studied using VMI spectrometers [10] . Both high photon energies reaching up to the XUV and even into the X-ray spectral regions, as well as strong-field ionization processes, demand techniques to detect electrons and ions with high kinetic energies up to the keV-range.
In principle, the energy acceptance of VMI spectrometers can be extended by (i) increasing the size of the position-sensitive detector, (ii) reducing the flight distance of the charged particles from the interaction region up to the detector, (iii) increasing the acceleration voltages applied to electrodes, and implementing appropriate design changes pertaining to insulators, feedthroughs, etc., or (iv) by adding ion optical elements to refocus the charged particles onto the detector.
To detect higher kinetic energy particles, the traditional design of Eppink and Parker [11] , which consists of one filled repeller plate electrode and two open extractor electrodes, was modified by Garcia et al. [2] who applied modification (iv). Similarly to the original design where an einzel lens was added that magnifies the images of energetic electrons or ions [12] , Garcia et al. introduced a double einzel lens in the flight tube to refocus electrons onto the detector [2] . For a detector with an active area of 36 mm in diameter, the authors demonstrated electron energies up to E = 14 eV and a relative energy resolution ∆E/E = 6 %. Energy acceptances up to several hundred eV were predicted for the case of additionally applying modification (iii).
In 2014, two new designs were presented which are explicitly optimized for imaging energetic charged particles. The design by Skruszewicz et al. [13] combines modifications (i)-(iv). In particular, by inserting two additional electrodes set to opposite polarity with respect to the repeller and extractor electrodes into a shortened version of the traditional VMI geometry, the authors achieved a high energy acceptance 500 eV. This approach has the advantage of slightly reducing the curvature of the focal plane despite the short flight distance, similar to an achromatic lens. Kling et al. presented a thick-lens design consisting of 11 electrodes all set to equal polarity and implementing modifications (i)-(iv) [9] . The authors demonstrate high energy resolution ∆E/E 4 % for electrons up to ∼ 1, 000 eV. Naturally, such a complex electrode arrangement complicates the construction and operation of the spectrometer, especially when applied to high-energy particle imaging. Most recently, Fukuzawa et al. were able to detect electrons up to 960 eV, using a double-sided VMI with traditional electrode geometry only by implementing modifications (i)-(iii). However, impractically high electrode voltages up to 27 kV were used [6] . Such high voltages require more specialized connectors, feedthroughs, electrode and insulator materials and surface finish, which significantly impacts the compactnes and costs of a VMI spectrometer.
The spectrometer design presented here is intended for VMI studies of nanoplasmas created by strong-field ionization of rare gas clusters and helium (He) nanodroplets [14] [15] [16] [17] . It fulfills the requirement of providing a wide gap between repeller and extractor electrodes to allow for placing a curved mirror near the interaction region for tight focusing of the laser beam, while extending the energy acceptance to the keV-range. The design resorts to adding a refocusing lens to the tradiarXiv:1707.09188v1 [physics.ins-det] 28 Jul 2017 tional three-plates geometry in addition to implementing modifications (ii) and (iii). In contrast to the design by Garcia et al. [2] , the additional ion optics consists of just two extended electrodes added to the traditional threeplate geometry. We find this design to be the best compromise between modifications (ii) and (iii) for achieving a wide energy acceptance and reaching sufficiently high energy resolution, while keeping the complexity of the electrode arrangement and the associated technical effort and costs within a limit. We systematically characterize the performance of our design by carrying out trajectory simulations. Test measurements using a diode laser and synchrotron radiation to create electrons with energies up to 65 eV are in good agreement with the simulations.
II. SPECTROMETER DESIGN
The spectrometer design is inspired by the one of Garcia et al. [2] (additional einzel lens) as well as the one of Skruszewicz et al. [13] (additional achromatic lens realized by two plate electrodes). It is the result of systematic simulations of electron trajectories using the SIMION8.0 package to assess the maximum energy acceptance and optimum energy resolution. A set of 27 electrons distributed regularly over a cubic volume of 0.6 × 0.6 × 0.6 mm 3 was used as an input into the simulation. For each value of the electron energy, emission angles were varied from 10
• to 170
• in steps of 10
• . For a fixed geometry of the repeller and extractor electrodes, the addition of a complete einzel lens consisting of 3 extended ring electrodes with different values of the diameter and length was considered in the simulations. Both cylindrical and conical electrodes were tested. The same procedure was repeated for a lens system consisting of 2 electrodes. The latter was found to be equally performant in terms of resolution and accepance. Therefore, we chose the simpler geometry consisting of only 2 lens electrodes. Fig. 1 shows a cross-sectional view of the electrode geometry of our spectrometer as well as electron trajectories for various initial positions along a line of length 5 mm and kinetic energies ranging between 5.4 and 45.4 eV. The electrode voltages are set to U rep = −3, 000 V at the repeller and, U ext = −2, 320 V at the extractor. The voltage applied to the extended lens electrode is U lens = +5, 240 V and +4, 685 V in Fig. 1  a) and b), respectively. The front side of the MCP is set to ground potential whereas the back side is set to +1, 500 V. The remaining two electrodes are set to ground potential. The inset shows electron trajectories for the same initial conditions, electrode geometry, and voltages except that U lens = 0.
In our compact design, the two additional extended electrodes in combination with the second grounded extractor electrode of the traditional geometry together act Cross sectional view of the electrode arrangement and electron trajectories for various initial positions and transversal velocities. The inset shows the trajectories for the voltage applied to the lens electrode which is set to zero potential.
as an einzel lens. Equipotential lines, depicted as thin red lines in Fig. 1 , follow the typical pattern of an einzel lens in that region of the spectrometer. We find this to be a simple, yet very efficient way of achieving refocusing conditions for energetic charged particles. For detection we use a micro-channel plate (MCP) detector with an active area of 42 mm in combination with a phosphor screen. In contrast to other VMI configurations, we choose the extractor-to-repeller voltage ratio such that the velocity focus with refocusing lens switched off (U lens = 0) is located at infinite distance. Thus, electrons emitted from different points of origin along a vertical line but with identical kinetic energy, fly along nearly parallel trajectories, see inset of Fig. 1 . The additional lens system focuses these parallel trajectories onto the detector plane. This allows us to vary the focus position and the points of incidence of electrons onto the detector plane nearly independently.
In Fig. 1 the focus positions are depicted by red dots; in the upper half, where the lens voltage is set to U lens = +5, 240 V, the lowest-energetic electrons are focused onto the detector and for higher energetic ones the foci lie in front of the detector. In the lower half the lens voltage is set to U lens = +4, 685 V such that the highest-energy electrons are focused onto the detector and the foci for slower electrons fall behind the detector plane. Thus, the energy resolution is dependent on the electron energy, known as chromatic aberration. For the voltage setting in Fig. 1 a) we obtain ∆E/E = 11 % for low electron energies (E = 5.4 eV) and 3.9 % for high energies (45 eV). Note that these simulations are carried out by letting the electrons fly isotropically out of the initial volume, in contrast to the trajectories shown in Fig. 1 . These values only slightly differ from those obtained for the voltages used in Fig. 1 b) , ∆E/E = 16 % for E = 5.4 eV 3.4 % for 45 eV. However, the points of incidence on the detector slightly differ for the two voltage settings, corresponding to an energy shift of 8 % of the measured value of E for a given energy calibration. Thus, if various focusing conditions are to be used in one experiment, a calibration measurement should be recorded for each voltage setting.
Besides substantially increasing the energy acceptance for energetic charged particles by applying a high positive voltage U lens , our design provides further advantages. The short drift distance makes the setup less sensitive to stray magnetic fields. For this reason, we only use a single unbaked µ-metal shield with holes big enough for a laser beam of 25 mm in diameter to enter into the interaction region. Furthermore, the flight region from the extractor up to the detector is well shielded by the extended lens electrodes against stray electric fields that may originate from cables or patch charges on insulator surfaces.
The technical realization of our compact VMI setup is shown in Fig. 2 . The entire electrode system is mounted on a CF160-to-CF200 zero-length adaptor flange. Highvoltage coaxial feedthroughs (SHV rated to 20 kV) mounted in CF16 flanges are connected to half-nipples welded into the adaptor flange. The imaging detector consists of two MCPs in Chevron configuration with an active area of 42 mm diameter (TOPAG Lasertechnik GmbH) and a phosphor screen (ProxiVision GmbH). It is separately mounted to a CF100-to-CF160 zero-length adaptor flange. This allows us to easily replace the detector by a larger one, or by a delay-line detector. A non-magnetic CF100 window flange closes the stack of three flanges.
The stack of electrodes (black parts in Fig. 2 ) consists of two closely-spaced plates forming the repeller, each with central holes covered by copper meshes with high transmission, two open extractor electrodes, one cylindrical lens electrode, and one thick ground electrode in front of the detector. The repeller electodes are designed such that the setup can be extended by an additional timeof-flight spectrometer for ions, while minimizing punchthrough electric fields. The diameters of the central holes in the electrodes are 40 mm (extractor 1), 48 mm (extractor 2), 68 mm (lens), 76 mm (ground). The length of the lens electrode is 52 mm, that of the last ground electrode is 11 mm. The total distance between the repeller and detector surfaces amounts to 136 mm. The distance between repeller and extractor electrodes is 25 mm to leave enough space for having the option of placing a focusing mirror near the interaction volume for tightly focusing a laser beam of up to 1" in diameter. All electrodes are made of aluminum, which we coat with graphite using an air brush. Each electrode is mounted by threaded polyetheretherketone (PEEK) cylinders (white parts in Fig. 2 ). Due to the tendency of PEEK surfaces to charge up electrostatically, we noticed that graphite particles can be attracted from the electrode surfaces onto the insulators, thereby reducing the withstand voltage. Therefore, we recommend to use ceramic insulators if graphitizing of the electrode surfaces is indispensable.
III. TEST MEASUREMENTS
To test our spectrometer design we have performed two experiments in electron VMI detection mode. The first experiment was carried out at the Gasphase beamline of Elettra Syncrotrone, Trieste, Italy. There, a continuous supersonic beam of He atoms was generated by expanding pressurized He gas at room temperature out of a 5 µm nozzle into vacuum. The XUV beam intersected the He beam at right angles inside the VMI spectrometer. The interaction volume in this case is estimated to be of the size 0.5 × 0.5 × 2 mm 3 . For these measurements we chose a fixed voltage setting (U rep = −4, 980 V, U ext = −3, 820 V, U lens = +7, 000 V) and scanned the photon energy from 25 eV up to 90 eV. This voltage setting is adjusted to obtain highest resolution for the high-energy electrons (E = 65.4 eV). The reason for not using higher voltages U lens to further increase the energy acceptance was that sparking occured along the PEEK insulators caused by deposits of graphite on the insulator surfaces originating from the electrode coatings. Note that after removing all graphite coatings at a later stage, U lens = +20 kV was reached without any signs of discharging, showing that the mechanical design is in prin- ciple well-suited for the targeted high voltages.
The raw photoelectron images are background subtracted, summed up, and the result is displayed in the upper half of Fig. 3 . The ring-like structures result from the projections of the directly emitted photoelectrons onto the detector plane. The anisotroply of the angular distribution reflects the probability distribution of a one-photon transition out of the He groundstate into the ionization continuum induced by the synchrotron radiation, which is linearly polarized perpendicularly to the spectrometer axis. The relative resolution is determined from the individual images by performing inverse Abel transformation (see Fig. 3 , lower halves of images), integration over angles, and fitting the peaks with gaussian functions. Fig. 4 a) shows the square of the fitted peak positions as a function of the calculated photoelectron energy E = hν − E I as red dots, where hν is the photon energy and E I = 24.6 eV denotes the ionization energy of He. Thus, we experimentally demonstrate electron imaging with high resolution up to a maximum electron energy of 65 eV, only limited to the mentioned technical issue. The red filled circles in Fig. 4 b) represent the relative energy resolution ∆E/E where we define ∆E as the full width at half maximum (FWHM) of the fitted peak function.
The black squares show the results of our trajectory simulations for the same voltage setting as in the experiment. In the simulation, the distribution of initial positions was assumed to be of gaussian shape in three dimensions with standard deviations of 1 mm along the spectrometer axis and 1 mm×1.5 mm in the perpendicular directions. The simulation was carried out for 2 × 10 4 to 3 × 10 5 electrons from the lowest to the highest energies, respectively. The electron velocities were distributed isotropically. The simulations are in good agreement with the measurements except for the low energy range (E = 1.4 and 3.4 eV), where weak distortions of the electric field become apparent.
Unfortunately, the voltages used in the experiment were imperfect, which can be seen by comparing the results with those from the simulation for voltages at which electrons are optimally focused on the detector for each electron energy (light blue diamonds). The corresponding voltages are U rep = −4, 980 kV, U ext = −3, 884 V, and U lens = 8, 964 V. The reason for not setting the optimum voltages was again our limitation to a maximum U lens = 7 kV.
For comparison, the results from simulations with standard VMI conditions [11] where U rep = −4, 980 kV is held constant but U lens = 0, are shown in Fig. 4 as pink stars. While the resolution is nearly identical to the one for optimized setting in the refocusing mode of operation [diamonds in Fig. 4 b) ], the peak positions shown in a) are shifted to larger radii and thus the energy acceptance is greatly reduced.
A second experiment was performed to assess our design at low electron kinetic energies in the range of a few eV. To this end we photoionized potassium atoms generated in an effusive beam out of a heated crucible using a frequency-stabilized diode laser according to the scheme described in Ref. [18] . For these measurements we used the voltage setting U rep = −600 V, U ext = −480 V, and U lens = +850 V. A typical raw image taken with an exposure time of a few seconds is displayed in Fig. 3 b) . It shows three rings due to photoionization of excited potassium atoms out of three different electronic states. The resulting photoelectron energies are E = 0.34 eV measured with a resolution of 11 %, 1.4 eV (7.6 % resolution), and 1.8 eV (14 % resolution). These results clearly demonstrate that our VMI design is able to image both low and high-energy electrons with good resolution even when using a detector with only 42 mm diameter of the active area.
Finally, we systematically assess the performance of our spectrometer design and explore the potential to further push the acceptance to higher energies when allowing for slightly inferior energy resolution. Fig. 5 a) shows the simulated maximum detectable electron kinetic energies E max for MCP detectors with 42 and 78 mm diameter. The corresponding relative energy resolution ∆E/E in shown in Fig. 5 b) . Filled symbols represent the results for the maximum design value of the lens voltage, U lens = 20 kV. Open symbols show the results for U lens = 0 for comparison. For U lens = 0, the optimum ratio between extractor and repeller voltages in terms of optimum resolution was U ext /U rep = 88 % for the MCP with a diameter of 42 mm and U ext /U rep = 84 % for the 78 mm MCP.
For the 42 mm MCP, the optimum setting for the repeller and extractor voltages at U lens = 20 kV are U rep = −12 kV and U ext = −9.3 kV, respectively. The corresponding voltage ratio U ext /U rep = 78 % is indicated in Fig. 5 a) as a label next to the data point. The resulting value E max = 210 eV matches the value E max = 210 eV obtained when the einzel lens is not used (U lens = 0), but instead a maximum voltage U rep = −20 kV is applied to the repeller. However, the energy resolution ∆E/E = 2.7 % is slightly better than for the reference setting (U lens = 0, U rep = −20 kV) for which ∆E/E = 3.5 %. For the 78 mm MCP and when the lens is used (U lens = 20 kV), the optimum voltage setting is U rep = −17 kV and U ext = −12.2 kV (72 %). In this case, the resulting energy acceptance E max = 880 eV significantly exceeds the value E max = 700 eV obtained for the reference setting, and the resolution is notably improved (∆E/E = 1.9 % versus 5.0 % for U lens = 0).
Thus, when using the 42 mm MCP, the lens does not significantly improve the performance of the spectrometer for a given maximum voltage applied to either lens or repeller electrodes, if optimum resolution is required. When using the larger 78 mm MCP, however, the lens substantially enhances both E max and ∆E/E. This is owing to the stronger refocusing effect of the lens for energetic electrons, which keeps the trajectories at a distance from fringe fields created by the edges of electrodes, and thus reduces aberations.
Furthermore, if a slightly lowered energy resolution is tolarable, using the lens at U lens = 20 kV raises the energy acceptance for the 42 mm MCP to E max = 270 eV if setting U rep = −20 kV and U ext /U rep = 82 %. The energy resolution then slightly deterorates to 3.0 %, which may still be acceptable for experiments using broadband radiation or strong-field ionization. When using a 78 mm MCP the maximum detectable kinetic energy can even be increased to the keV-range if an energy resolution 5.0 % is tolerable.
IV. SUMMARY
To summarize, we present a compact design for a VMI spectrometer optimized for detecting energetic charged particles generated, e. g., in a laser-induced nanoplasma. The main features are (i) a simple construction, which extends the traditional three-plate geometry [11] by just two additional cylindrical electrodes. This allows for a modular mounting of the electrode system and the MCP detector on two stacked vacuum flanges; (ii) a wide gap between repeller and extractor electrodes which allows for good access e. g. for placing a focusing mirror near the interaction region; (iii) the compatibility with high voltages up to 20 kV. In combination with a short flight distance and an added einzel lens we achieve an enhanced energy acceptance and an improved energy resolution, in particular when using a large imaging detector (78 mm diameter).
While we experimentally demonstrate electron imaging up to an electron energy of 65 eV with a resolution < 4 % using a 42 mm detector, limited only by technical issues, simulations show that maximum energies up to 270 eV are achievable when tolerating a slightly diminished energy resolution 3 %. We find that our design compares favorably with respect to previously reported designs [9, 13] in terms of energy acceptance and resolution while being particularly simple and compact. In a future upgrade the MCP detector will be replaced by one with a diameter of 78 mm, which will further increase the energy acceptance to 850 eV at high resolution 2 % and up to 1,200 eV if allowing for a slightly inferior resolution 5 %. In the planned experiments on nanoplasmas induced by broad-band ultrahort laser pulses the latter resolution will be by far sufficient whereas the ability of detecting high energy electrons and ions will be crucial.
